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ABSTRACT

Tests were conducted in the 12-in. Supersonic Tunnel of the von
Karman Gas Dynamics Facility to determine boundary-layer transition
locations on swept wings having a circular arc profile and modified arc
profile. Test Mach numbers were from 2.5 to 5 over a Reynolds-
number-per-inch range from 0. 14 to 1. 08 million at sweep angles of
24, 36, and 50 deg for angles of attack of 0 and approximately -4 deg.

Boundary-layer transition Reynolds numbers determined by a pitot
probe, and results obtained visually with a sublimable solid are pre-
sented. The major factors influencing boundary-layer transition were
wing sweep and model leading edge geometry. Increasing wing sweep
and leading edge bluntness above a sweep angle of approximately 20 deg
decreased the transition Reynolds number at all test Mach numbers.
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NOMENCLATURE

Wing leading edge thickness, in.

Wing chord measured perpendicular to leading
edge, (9.45 in.)

Model leading edge

Distance parallel to model leading edge, in.
Free-stream Mach number

Pitot pressure in boundary layer, psia

Local pitot pressure outside boundary layer, psia
Model surface pressure, psia

Free-stream static pressure, psia

Reynolds number per inch

Boundary-layer transition Reynolds number determined
by sublimation technique, <§)m Xt

Boundary-layer transition Reynolds number based on
beginning-of-transition location as determined by a pitot

probe, <—5—>m X4

Boundary-layer transition Reynolds number based on
end-of-transition location as determined by a pitot

probe, (—5—-) Xt

Boundary-layer transition Reynolds number based on
length of transition region (—5—) Ax

Temperature, °R

Velocity, ft/sec

Model coordinates and distance to transition region, which
is measured parallel to free-stream, in.

Model coordinates and vertical distance above model
surface, in.

Angle of attack, deg

Temperature recovery factor (Tyw - Tg)/(Tg - Ts)

ix
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Bevel angle of lower wing leading edge, deg

A Wing sweep angle, deg
p Mach cone angle (sin~1 1 ), deg
. . in. 2
v Kinematic viscosity, —
sec
SUBSCRIPTS
t At transition
W Body surface
6 Edge of boundary layer
® Free-stream condition
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1.0 INTRODUCTION

Under the sponsorship of the Aeronautical Systems Division (ASD),
Air Force Systems Command (AFSC) an investigation of natural
boundary-layer transition on swept wings was conducted for the
NORAIR Division of Northrop Corporation. Tests were made in the
12-in. Supersonic Tunnel of the von Karman Gas Dynamics Facility
(VKF), Arnold Engineering Development Center (AEDC) AFSC, during
the period November 12 to December 20, 1962, Test Mach numbers
were 2.5 to 5, at wing sweep angles of 24, 36, and 50 deg over a
Reynolds -number-per-inch range from 0, 14 to 1, 08 million for angles
of attack of 0 and approximately -4 deg.

At supersonic speeds, wing sweep is favorable from the viewpoint

. of reduced wave drag, but unfavorable since sweep can reduce the
transition Reynolds number because of cross flows resulting from wing
spanwise pressure gradients (Ref. 1) and since sweep reduces the favor-
ablé influence on transition resulting from leading edge shock effects
(Ref. 2).

Extensive boundary-layer testing has been performed on hollow
cylinders and cones (Refs. 3, 4, and 5) with some transition results
being obtained on swept flat plates and wings (Refs. 6 and 7). The pres-
ent investigation was conducted primarily to obtain basic transition
measurements on swept wings with cross flows resulting from a span-
wise pressure gradient,

2.0 APPARATUS

2.1 WIND TUNNEL

The 12-in. supersonic tunnel (Fig. 1) is an intermittent, variable
density wind tunnel with a manually adjusted, flexible plate-type nozzle.
The tunnel operates at Mach numbers from 1.5 to 5 at stagnation pres-
sures from about 5 to 60 psia and at stagnation temperatures up to about
100°F., A description of the tunnel and its calibration are given in Refs. 8
and 9.

Manuscript received April 1963,
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2.2 MODELS

The NORAIR models, Figs. 2 through 4, were strut-mounted from
the tunnel sidewall as shown in Fig. 2b. A spindle was constructed in
the mounting strut to rotate the model between sweep angles of 24 and
50 deg, but testing was conducted only at angles of 24, 36, and 50 deg.
Changes in angle of attack were facilitated by inserting wedges between
the model and mounting strut. Each of the two models tested had a
3-percent thick profile section and were identical in planform and lead-
ing edge bevel angle (6 = 11, 84 deg), and each was instrumented to
measure nine surface pressures (see Fig, 3). Small differences in
leading edge thickness existed between the models as shown in the table
in Fig. 3, however the major differences existed between the model
surface profile geometry up to the 50-percent chord as shown in Fig. 4.
Although it was unintentional, the leading edge thickness of the two
models varied from 0. 006 to 0. 009 in. along their wing span as shown
in the table in Fig. 3. FEach model was constructed of steel and had a
surface finish of 3 to 6 microinches rms.

2.3 BOUNDARY-LAYER PROBE

The boundary-layer probe assembly consisted of three separate
pitot probes mounted to adjustable carriers that enabled measurement
of boundary-layer transition at three wing spanwise locations, as shown
in Fig. 5. Each of the probes and probe carriers were identical in con-
struction and the pitot probe tips were approximately elliptical in shape,
with inside dimensions of 0.016 by 0. 038 in. The probe was mounted to
a magnetic head that assured continuous contact between the model
surface and the pitot probe as the probes were moved over the wing
surface. Another pitot probe was located in the same plane as the
boundary-layer probe, but positioned outside the boundary layer and
served to furnish a reference pressure. The probe assembly was con-
nected to an automatically controlled electrical drive that provided 7 in,
of probe travel and was accurate to within £0. 05 in,

2.4 INSTRUMENTATION

Model data recorded during the test were boundary-layer pitot pres-
sures and model surface pressures. The boundary-layer pitot pressures
were measured with small wafer-type transducers (0.58-in. diam by
0. 19 in. thick) (see Ref. 8) that were mounted in the probe carrier ap-
proximately 5 in. aft of the probe tip, as shown in Fig. 5. The relatively
short distance between probe tip and transducer eliminated excessive
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lag-time that could have affected the pressure traces. The analog output
from the transducers provided traces on X-Y plotters of the pitot pres-
sures as the probe was traversed through the boundary layer along the
model surface. Tunnel operating conditions and model surface pressures
were automatically recorded and tabulated by the VKF automatic data
handling system while the test was in progress,

3.0 METHODS USED TO DETERMINE TRANSITION

Several methods have proved successful in determining the location
of boundary-layer transition. Among these are the use of (1) hot wire
anemometer, Ref. 3; (2) pitot probe technique, Ref. 3; (3) luminescent
lacquer, Ref. 7; (4) sublimation technique, Ref. 6; (5) schlieren pictures;
and (6) surface temperature measurements, Ref. 3. The methods used in
the present investigation were the pitot probe and the sublimation tech-
niques.

3.1 PITOT PROBE TECHNIQUE

A pitot probe sliding along a model surface and submerged in the
boundary layer will produce a pressure trace that is directly related to
the boundary-layer velocity profile. The pressure trace, in general,
will exhibit both a minimum and maximum point (providing the probe
traverses from the laminar to turbulent region) which can be used to
locate the end of the laminar region and the beginning of the turbulent
region, If has been the experience of the authors and also Potter and
Whitfield (Ref. 3) that the beginning of transition, as determined by a
pitot probe and defined by the minimum po' value, was difficult to obtain
on a hollow cylinder, but the end of transition as defined by the maxi-
mum p,' value was very pronounced; however, in the present investiga-
tion it was found that both the minimum and maximum py' values were
well defined as shown in Fig. 9. This is attributed to the fact that the
models in the present test subjected the boundary layer to the destabiliz-
ing effect of sweep and cross flow, which resulted in a more sharply
defined region of transition than occurred on the hollow cylinder model.

To determine if transition varied along the wing span, three pitot
probes were used simultaneously as shown in Fig. 5. Spanwise locations
of the probes varied with sweep angle to provide maximum model surface
coverage with the minimum amount of interference from the wing tips, as
shown in Fig. 6. ‘
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3.2 SUBLIMATION TECHNIQUE

Visual indication of boundary-layer transition by the use of a
volatile chemical solid as a diffusible coating film is a simple and
relatively easy process. A solution of the indicating substance (dif-
fusible solid) and a suitable solvent, is sprayed on the model and within
a period of time the chemical coating in the turbulent region will sub-
limize, leaving the coating in the laminar region clearly visible. A
complete coverage of chemical solids for indicating materials in deter-
mining boundary-layer transition is provided by Main-Smith in Ref. 10.

A saturated solution of naphthalene (diffusible solid) and petroleum
ether (solvent) has been used successfully to locate transition at super-
sonic speeds, Ref, 6, but for the investigations in the VKF 12-in, super-
sonic tunnel, the use of naphthalene as the indicating material did not
produce satisfactory results. Before tunnel starting, the tunnel was
evacuated to a low pressure (lasting approximately 2 min.) and because
of the high volatility of naphthalene, sublimation usually occurred before
flow was established. Rygh and Martin (Ref, 11) used azobenzene as the
the sublimable solid with a tunnel running time of several minutes
(time = 60 min for Tg = 70°F, M, = 3) required for transition indication,
Based on their results and the experience in the present tests with naph-
thalene, it was found that a saturated solution of naphthalene and petro-
leum ether with approximately 2 percent azobenzene (by weight) produced
satisfactory results. Transition indications occurred approximately
1 to 2 min after flow was established.

After a test run the transition line was clearly visible and transition
locations were measured directly at the three spanwise stations corre-
sponding to the probe locations. The transition line was then traced with
ink and photographed. Some photographs were also taken during tunnel
operation.

4.0 PROCEDURE

Testing was conducted at the following conditions:
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Before each test run, the model was inspected for leading edge or
model surface discontinuities that might have resulted from the probe
assembly. Transition measurements were obtained by traversing the
three probes in both directions on the model surface, and as seen in
Figs. 9 and 10, there was no appreciable difference in the respective
traces.

5.0 RESULTS AND DISCUSSION

5.1 TEST PARAMETERS

Parameters investigated were wing sweep, Mach number, unit
Reynolds number, model surface curvature, and small changes in angle
of attack. No effort was made to control model temperature. The
tunnel stagnation temperatures varied from 40 to 80°F during the test,
but were essentially constant during a particular tunnel pressure level.
Dunning and Ulmann (Ref. 7) found that an equilibrium temperature on
wing models of comparable size to the models in the present investiga-
tion and with equivalent tunnel stagnation temperatures was reached
after approximately 80 sec of running time. Most of the runs in the VKF
test were from 1 to 10 min and consequently, the models were probably
at an equilibrium temperature. For these reasons and the fact that the
variations in stagnation temperature produced no noticeable effect on
transition locations, the temperature was considered of secondary im-
portance,

5.2 MODEL SURFACE PRESSURES

Presented in Fig. 7 are the experimental and theoretical surface
pressure distributions on the circular arc profile model for M, = 2.5
and 4, @ = 0 and -4. 2 deg and three sweep angles. The theoretical
results are for the shock expansion method and are in good agreement
with the experimental data. The differences in the spanwise pressures
at Mgy = 2.5, o = -4, 2 for A = 50 deg can be explained by referring to
Fig., 6c where it may be noted that some of the orifices are within the
influence of the Mach cone emanating from the wing tip. Differences
also existed in the experimental spanwise pressures at M, =4, o =-4, 2
and A = 50 deg, but only one orifice was within the Mach cone region and,
consequently, the reason for the other scatter is unknown.

The experimental surface pressures obtained on the modified arc
profile model and the corresponding theoretical distributions are pre-
sented in Fig. 8 for M, = 3 and 4. These data follow closely the pattern
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exhibited by the circular arc profile data and scatter in the spanwise
data at A = 50 deg can in part be explained by the reasons given pre-
viously.

5.3 TRANSITION RESULTS~ PITOT PROBE TECHNIQUE

Typical pressure traces obtained by pitot probes moving along the
model surface are presented in Figs. 9 and 10 for Mach numbers 3, 4,
and 5. As seen from these traces the minimum and maximum values
that define the beginning and end of boundary-layer transition were, in
general, very distinct. Also presented for comparison are some transi-
tion locations as determined using the sublimation technique.

Flow entering a turbulent region does not remain in laminated layers
with smooth streamlines, which is typical of laminar flow, but fluctuates
and causes a transfer of energy between streamlines. It is of interest to
observe in Fig. 10 that the pitot pressure traces were relatively smooth
in the laminar region, but upon entering the transition region the traces
show a fluctuation that continued into the fully developed turbulent region.

It was not known for certain that an absolute value of the pitot pres-
sure in the boundary layer near the model surface would provide the best
indication of transition. Therefore, a second pitot probe (po'l) was located
directly above the boundary-layer probe but was positioned outside the
boundary layer (see Fig., 11a) to provide a reference pressure to-the
boundary-layer probe transducer. A typical pressure trace (po'1 - po')
with this system is shown in Fig., 1la. The pitot pressure trace in Fig. 11b
was obtained under identical tunnel conditions as the trace in Fig. 11a, but
with a vacuum reference pressure (50 microns Hg). It is understood that
the use of a pitot probe reference pressure in place of a vacuum reference
will reverse the pressure trace as shown by Figs. 1la and 11b. The
maximum and minimum points are located at xt = 3.6 in. and xt = 4.0'in. in
Figs. 1la and 11b, respectively, and suggest that the pitot pressure
traces do not give a consistent location for the beginning of transition.

It should be noted that when locating transition on a curved surface
using the absolute pitot pressure, the varying surface pressure must be
considered when defining the transition location. For some of the tests,
the transducer reference pressure was supplied by a pitot probe which
moved over the wing surface at a position outside of the boundary layer.
Since the reference pressure varied because of the local Mach number,
these variations must also be considered when defining the transition
location. The procedures used to define the location of transition using a
vacuum or pitot pressure for a reference are shown in Figs. 11la and 11b.
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Figure 1lc presents the beginning-of-transition Reynolds number
for M, = 3, A = 24 deg, and o = 0 as determined with a pitot pressure
reference, a vacuum reference, and the peak or minimum point on the
pitot pressure trace. The same data determined with the slope correc-
tion (Fig. 11d) show that the correction procedure used provided con-
sistent results. Although the trace in Fig. 1lla was very distinct, not
all traces obtained using a pitot pressure reference produced satisfactory
results, especially at the higher Mach numbers, and, therefore, most
of the probe transition data were obtained using a vacuum reference.

Beginning-of-transition results obtained with pitot probes on the
circular arc and modified arc profile models are presented in Figs. 12
and 13 for M, = 2.5 to 5, A = 24, 36, and 50 deg, @ = 0 and approxi-
mately -4 deg for varying unit Reynolds number and three wing span-
wise locations. These data exhibit the usual linear variation with unit
Reynolds number as was shown by Potter and Whitfield (Ref. 3), for a
hollow cylinder. Also, clearly indicated is a large decrease in transi-
tion Reynolds number with increased wing sweep. A very noticeable
difference is also seen to exist between spanwise rake locations, with
the general trend being a decrease in transition Reynolds number with
increasing wing span (No. 1 to No. 3 probe). The one exception being
the center probe (No. 2) data obtained on the circular arc profile at
M, =3, =0, and A = 24 deg. These low transition Reynolds numbers
could be the result of a small indentation that was located at the leading
edge, £ =1T7.11in., on the underside of the wing. It should be noted that
the results for the modified circular arc profile model at the same con-
ditions do not show this inconsistency.

Potter and Whitfield (Ref. 3) determined a correlation equation for
transition Reynolds numbers on a hollow cylinder at M, = 3 which
accounts for unit Reynolds number and leading edge geometry. Their
results were used to estimate the beginning-of-transition Reynolds num-
bers for M, = 3, A = 0 at @ = 0 which are presented in Figs. 12c and 13d.

The tests were conducted at negative angles of attack so that the
leading edge angles for the upper and lower surfaces were equal. This
eliminated the possibility of any adverse effects resulting from airflow
around the leading edge from the high pressure lower surface that might
otherwise have occurred at ¢ = 0. A comparison between the @ = 0 and
approximately -4 deg data in Figs. 12 and 13 will show that the change
in angle of attack produced no significant differences in the transition
Reynolds numbers.

A direct comparison is made in Fig. 14 between the transition
results obtained on the circular arc and modified arc profile for My = 3
and 4 and @ = 0, The Reynolds number based on the distance to the
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end of transition did not exhibit the same linearity as the beginning-of-
transition results and the linearity and unit Reynolds number effect
generally decreased with increasing sweep. Although there was con-
siderable difference between the surface curvature for the circular arc
and modified arc models, the transition results show only small effects
of profile geometry at M, = 3 and no effects at M, = 4. This indicates
that at a given Mach number the leading edge geometry and sweep angle
were the governing parameters influencing transition.

5.4 TRANSITION RESULTS - SUBLIMATION TECHNIQUE

Boundary-layer transition as determined by a sublimable solid pro-
duced patterns similar to the results presented in Fig. 15 for My = 3,
A = 24 deg, @ = 0, and Re/in. = 0.81 x 106, The photograph in Fig. 15a
was taken during tunnel operation and clearly illustrates the laminar and
turbulent regions of the boundary-layer. Figure 15b presents the same
data, but with the transition line traced with ink after tunnel shutdown.

Presented in Fig. 16 are transition photographs (with ink trace) for
M, = 3, A = 36 and 50 deg, o = 0, and several unit Reynolds number
ranges. Transition results obtained with the pitot probes indicated that
transition Reynolds number decreased with increasing wing span. The
photographs in Figs. 156 and 16 also show a decrease in transition dis-
tance with increasing wing span.

To be certain that the sublimable solid remained on the model
surface only in the laminar region and to verify what appeared to be the
transition line, a roughness particle was glued on the model surface
near the leading edge. The particle produced a turbulent streak in the
laminar region and indicated without question that the sublimable solid
was giving correct indications of boundary-layer transition.

The transition results obtained by the sublimation technique at the
No. 2 probe location are presented in Fig. 17 for M, = 2.5 to 4. It is
of interest to note that the variations in transition Reynolds number with
unit Reynolds number are not linear as are the beginning-of-transition
results obtained with the pitot probe, but exhibit trends similar to the
end-of-transition results.

Sublimation results show that transition is forward of the end-of-
transition located by the pitot probe technique. Rygh and Martin (Ref, 11)
found that transition locations as determined by a sublimable solid
(azobenzene) were approximately equal to or slightly forward of loca-
tions determined by surface temperature results. Potter and Whitfield's
study (Ref. 3) on a hollow cylinder shows that transition as determined
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by surface temperature distributions was approximately 86 percent of
the end-of-transition values determined by a pitot probe. - Figure 18a
presents a comparison between end-of-transition results obtained by
pitot pressure measurements and transition results determined from
surface temperatures and a sublimable spray. Transition located by
the sublimable spray was approximately 20 percent forward of the loca-
tion obtained with the pitot probe technique at Mach 2.5 to 5. Shown in
Fig. 18b is a typical temperature recovery profile obtained on a hollow
cylinder (Ref. 3) at M, = 3.5, Re/in. = 0.27 x 106, Also shown for
general comparison is the range of transition locations as determined by
the sublimable spray. '

5.5 TRANSITION REGION

It is a well-known fact that the boundary-layer transition from
laminar to turbulent flow does not occur instantaneously at a particular
location, but over a distance of many boundary-layer thicknesses as is
shown in Figs. 9 through 11, Potter and Whitfield (Ref. 3) observed
that a Reynolds number based on the transition zone length (Reay) was
fairly independent of leading edge geometry and unit Reynolds number
and dependent on Mach number and the transition Reynolds number.
Results from Ref. 3 are presented in Fig. 19 for Mach number zero to
4.5, Data obtained in the present investigation are shown for M, = 2. 5,
3, and 4 and several unit Reynolds numbers. These data were not inde-
pendent of unit Reynolds number and did not, in general, follow the
curves of Ref. 3 but indicate that perhaps at the lower unit Reynolds
numbers they approach the curves for My, cos A. Although these data
are not in complete agreement with the results from Ref. 3 it must be
remembered that the end-of-transition results did not have a linear
variation with unit Reynolds number as did the correlation curves ob-
tained on the hollow cylinder, and also increased sweep had an increas-
ing detrimental effect on transition and consequently had a pronounced
effect on the length of the transition zone.

5.6 EFFECT OF MACH NUMBER

The influence of Mach number on transition Reynolds number is
presented in Fig. 20 for three sweep angles and Re/in. = 0.50 x 106.‘
The transition Reynolds number curves having a minimum value between
M, = 3 and 4 are common type results that have been observed by Laufer
- and Marte (Ref. 4) and Potter and Whitfield (Ref. 3). The hypothesis
was made by Moeckel (Ref, 2) that transition Reynolds numbers based on
local conditions are unchanged when a sharp leading edge is blunted.
This leads to the conclusion that the location of transition is inversely
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proportional to the ratio of local surface unit Reynolds number behind
a blunted leading edge to the unit Reynolds number of an ''aerodynam-
ically'" flat plate (b—=0). Using the equations in Ref. 6, which were
based on Moeckel's hypothesis, the effects of free-stream Mach num-
ber on boundary-layer transition were determined. This equation gives
only the rate of change of transition Reynolds number with Mach num-
ber, and, therefore, the predicted transition Reynolds number is
assumed equal to the experimental value at M, = 4. As shown in

Fig. 20b, the increase in transition Reynolds number with increased
Mach number as predicted by Moeckel (Ref. 2) was in agreement with
experimental results above M, = 3. 5.

5,7 EFFECT OF SWEEP

Variations in the normalized transition Reynolds number
(Ret)p /(Ret)) - g with wing sweep are presented in Fig. 21 for
M, = 2.5, 3, and 4 for a unit Reynolds number of 0.50 x 106, The
transition values for zero sweep, (Ret)A =, were estimated from
Fig. 20 for M, = 2.5 and 4 and determined from the Potter-Whitfield
correlation (Ref. 3) for M, = 3. The M, = 3 results include data from
the three spanwise locations and illustrate how the effect of increased
leading-edge blunting accentuated the decrease in transition Reynolds
number with sweep.

Following Moeckel's hypothesis (Ref. 2) that slight blunting would
have a favorable effect on transition Reynolds number, Jillie and
Hopkins (Ref. 6) developed equations for normalized transition Reyn-
olds number variation with sweep for a flat plate. These theoretical
curves presented in Fig. 21 for M, = 2.5, 3, and 4 show that the trends
exhibited by the theoretical curves were very similar to the experi-
mental data, with improved agreement occurring with increasing Mach
numbers,

Presented in Fig. 22 are the variations in the normalized transi-
tion Reynolds number with sweep as determined by the sublimation
technique at M, = 3 and Re/in. = 0.60 x 106, Also presented are the
flat plate theoretical predictions and the experimental results obtained
by Jillie and Hopkins (Ref. 6) using a sublimable spray on a flat plate.
It should be noted that the results for a leading edge thickness of 0,001
are higher than the theoretical prediction and according to Ref. 6 might
be explained on the basis that the 0,001-in. thickness was insufficient
to produce the full bluntness effect required by the theory for maximum
leading edge shock effects.

The reason that sweep on the flat plate had a larger detrimental
effect for b = 0. 005 in. than the shock loss predictions was believed by

10
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Jillie and Hopkins (Ref. 6) to be related to cross-flows that develop
over the finite leading edge of swept wings as explained by Chapman in
Ref. 1. Photographs obtained by Jillie and Hopkins (Ref. 6) produced
evidence of longitudinal vortices, resulting from cross-flow that
developed at the leading edge, at all sweep angles except zero.

Figure 22 clearly illustrates that the trends exhibited by the flat plate
normalized transition Reynolds number with sweep were also present
in the VKF investigation. Although these comparisons appear to indi-
cate that the only difference between the data for the two tests was the
increase in leading edge thickness, it must be remembered that there
was a large difference in unit Reynolds number, which may or may not
have had an effect.

5.8 EFFECT OF LEADING EDGE THICKNESS IN CONJUNCTION WITH SWEEP

Transition results for A = 24, 36, and 50 deg obtained by the pitot
probe and sublimable spray techniques produced evidence of a definite
decrease in transition Reynolds number with increasing wing span.
Potter and Whitfield (Ref, 3) and Brinich and Sands (Ref. 5) have shown
that a small amount of leading edge blunting on a hollow cylinder will
increase the transition Reynolds number, however, resulis from this
investigation have shown that although the leading edge thickness in-
creased from 0. 006 to 0.008 in. along the wing span (see Fig. 2) there
was a corresponding decrease in transition Reynolds number. Transi-
tion Reynolds numbers obtained from the present investigation for
M, = 3, Re/in, = 0.40 x 100 and transition results from Ref. 6 for
My = 3, Re/in. = 1.25 x 106 are presented in Fig. 23 for various sweep
angles and several leading edge thicknesses. These data show
explicitly that at zero sweep angle small amounts of blunting had a
favorable effect on transition, but with increasing sweep this favorable
effect decreased and above approximately 20 deg becomes detrimental
to transition Reynolds number. This adverse effect caused by increased
blunting in conjunction with sweep is believed to be the result of cross-
flows over the wing leading edge. These cross-flows may have also
produced vortex formations that originated at the leading edge (Ref. 1)
and which Jillie and Hopkins (Ref. 6) found to exist on blunted flat plates
at all'sweep angles except zero.

!
1t

n
"

6.0 CONCLUDING REMARKS

Tests were conducted at Mach numbers 2.5, 3, 4, and 5 to investi-
gate the effects of unit Reynolds number, sweep, and model surface

11
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profile on natural boundary-layer transition. On the basis of these
investigations the following conclusions are made:

1. At all Mach numbers, the effect of increasing wing sweep
(A = 24 to 50 deg) was to reduce transition Reynolds
numbers,

2. Unintentionally, the leading edge of both wings increased
in thickness from 0. 006 to 0. 008 in. along the span. This
resulted in a decrease in transition Reynolds numbers
with increased blunting at sweep angles of 24, 36, and
50 deg and all Mach numbers.

3. The major factors influencing boundary-layer transition
were wing sweep and leading edge geometry rather than
cross-flows developing along the wing chord as a result of
spanwise pressure gradients.
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Fig. 2 Model Photographs
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Fig. 11 Effect of Pressure Slope on Determining Transition Location, M
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Fig. 14 Comparison of Beginning- and End-of-Transition Data for Circular Arc and

Modified Arc Profile, Probe No. 1, M = 3 and4, a = 0
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Probe No. 1

a. Photograph Taken with Tunnel Operating

§ [Transition Line— Probe No. 3

B Turbulent Region

Probe No. 2

Laminar Region—»

Probe . 1

b. Transition Location Indicated by Ink

Fig. 15 Transition as Indicated by the Sublimable Solid for M, = 3, A = 24 deg, a = 0,
and Re/in. = 0.81 x 106, Circular Arc Profile
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2 Probe No. 3 g

a. A = 36 deg, Re/in. = 0.27 x 108

b. A = 36 deg, Re/in. = 0.54 x 10°
Trasiion Linez

Turbulent Region=

c. A = 36deg, Re/in. = 0.81 x 106

Fig. 16 Photographs Showing the Effect of Unit Reynolds Number
on Transition at M = 3, A = 36 and 50 deg, a =0 as
Determined by the Sublimable Solid, Circular Arc Profile
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.

e. A = 50 deg, Re/in. = 0.81 x 106
Fig. 16 Concluded
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Fig. 17 Transition Results Obtained by Sublimation Technique
at Probe No. 2 Location and M, = 2.5t04, a = 0
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b. Surface Temperature Recovery Profile for M, = 3.5, Re/in. = 0.27 x 108

Fig. 18 Comparison of Transition Results from Various Methods, a = 0
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Fig. 19 Reynolds Number Based on Transition Region Length, Probe No. 1,

Circular Are Profile
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Flagged Symbols Represent Modified Arc Profile
Unflagged Symbols Represent Circular Arc Profile
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Fig. 20 Variation in Transition Reynolds Number with Mach Number and
Sweep Angle for Re/in. = 0.50 x 108, Probe No. 1, a@ = 0
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a. M = 2.5, Probe No. 1

20

Fig, 21 Effect of Sweep on Normalized Transition Reynolds Number for Re/in. = 0.50 x 106

and Mach Numbers 2.5, 3, and 4, a = 0
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Fig. 21 Continved
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Fig. 22 Variation in Normalized Transition Reynolds Number with Sweep and Spanwise Location at

M, =3, a=0, Re/in. = 0.60 x

Circular Arc Profile

108 as Determined by a Sublimable Solid,

40



187

O Ao Ref. 6, Relin. =1.25x 100 Flat Plate
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Fig. 23 Effect of Sweep Angle and Leading Edge Thickness on TransitionatM_ = 3, a = 0

601-€9-4adLl-0d3V



|
L
=
:
:

-gxaqumi gOSR 1833 [Te J€ Jaquni

Sproufay UOTIISUEJ} A PISEIIDIP 8ap gz Aayemrxoxdde
Jo ar3ae d € aaoqe q 9pa Buipeay pue daams
Surs 3uyseaxdu] - £xyouwroaf 28po Surpeat apowm pue daams

g1aqUMu YOEN 189} [T0 3¢ Joquunu

sproukay uoyrsuRI] A} pIsealdap Bap gz Ardyemyxoadde
3O 318ue doams © asoqe SE3UUMIQ a8pa Burpeas] pue daams
B Fur isup ‘Ana 3 a2pa 2uypea] (apow pue daams

O

Surm 3134 UOLITSUEI} aake]-Lrepunoq 8ursuaniur Si030e]
Jolem agl ‘pawasaxd are prios arqewmTIqRe € HItm A[rensia
paureqo symsax pue ‘aqoxd joud ¥ £q paunmIaiap saag
-tonn Sproufay UOTISUeS} aafe]-Arepunog ‘Sop p- A(aremr
-1xoxdde pue g Jo yoeRE jo seydue 105 89p 0S PUC ‘9E ¥

Jo sapdue deams ye UOTITTE 80°L 03 ¥1°0 WOI3 3Fues gont
-xad - IaQUUNT-SPIOULSY € XPAO G O G F TAOL} dI3m Saaquomt

TGOTIII10D VILSY Ul
SLO WoJj Jqefesy
weyrd ‘3 ™

 pueaed H S

‘uuay,
15 JV plowdy °-oul ‘O¥V
0001 -(009)0¢ AV PENTOD
2199£1 Asel ‘99gt 309foid
‘yggy eaay vreadold O8IV
SONIFLIBPEINYD swuoszadng
uony a3 Jafe[-Axep
sSue 1dams

Hg & g

-aded =

O

Funia 239 UOTIISURI) 1aker-Lxepunoq Buiouanyuy Sroyde}
solew ayy, -pawasald aJe PIIOS IQUWIFIARS 2 s Arrengia
paureiqo synsar pue ‘3qoxd jo3d € AQ pAUTIAIP B13q
-amu sploukay UoIIFURY} 1aker-Aiepunog  Bap p- AAE
_xoadde pue ¢ o YoeR® Jo sajdue 10j Bap o5 pue ‘9¢ ‘¥

30 sa1fue daams e UOI(TIC 80 L O} ¥1 "0 WO} afuex youy
_aad-13quunu-SplonLay B J3IA0 G 03 §°Z WOIJ 3IaA S1aqUNU
yoe 1831, "anjoad dJe paljIpow puE arjoxd sle JeIndJyd v
Furaey s2umm dams GO SUOIIEDO[ uoTEURTY xakey-Aaepunoq
surnuraalap 01 Knoes sojureuf sed weuwirey uoA Iyl

jo tauuny, 5ju0Sa26Ng ul-Z1 AU U] pajonpuion zom 81891

xoday patfisse(dn}
‘enily

“gzaa 11 12Uy "d [ "96I £mg 6 O ¢ 'Z SHIEAWNN HOVIA

LV SONIM LJdAMS NO NOLLISNVHL HIAAVT-AHVANNOE
40 NOLLUOLLSIANI 601-£9-HQL-OQ3AV '°N R
JIBRIUUI], “TOTIWIE 92I0F IV PIOUIY

same) wewmdoiaax] Bupresmiuy prowry

ORS00 VLLSY 1 .; goeN 1S3 "2Mjoad dxe pIyrpow pue aggolsd SIE Ie|noaId €
9 SLO oy w-.aanm!wﬂ A Furaeg s3um (dams uo SUCLIEIO] uonIsuey; 1a4%]-L1epunaq
4 i .H .ﬂ . SuTnrIa13p 03 AIIoed SoTwreud( Sep UTULIEY uOA AUl
u pue od .ﬂaﬂ. AL jo (auumL, 21uosaadng ‘ul-g1 2y UT vw«u:v:.ou axam SIS9L
& ;g JV prowiy C'oup ‘OHV I | Hoday parfissersun
a 0001-(009)0¥ AV Wenmod I sy
21991 XL ‘9981 13foxd gyax 11 [P®t d IG ‘€96 £I0F 'S OL §'Z SYIAWNN HOVI
“yosz woxy wesdord DSAV 1 1V SONIM LddmS NO NOLLISNVHL HIAVT-ANVONNOH
SIRSIIOBIED smoesadng ‘g JO NOLLYOLLSEANI 601 -£9-HAL-OA3V ‘OoN Yy
E uoppieuely sakel-Arepanog ‘g 99ssuURY, “WORME 104 ITV PIOAIV
p o8upa ydamg asmey wemdopasq Satisautduy proary
i
il
ERSUS NSRRI SR L o wols -

R NPT HE 0 YA

o 1 ias kil M L Qe Ml ol s

v i edobi iR

il e o T S et e R





